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WHOLE BODY EXPOSURES TO A PHOSPHORIC
ACIDS AEROSOL: I. SPONTANEOUS ACTIVITY
EFFECTS IN WILD RODENT AND AVIAN SPECIES

Ray T. Sterner

USDA/APHIS/ADC, Denver Wildlife Research Center,
Denver, Colorado

Two inhalation-chamber studies were conducted to assess acute (2-h out-of-chamber)
and subacute (<6 d postexposure) spontaneous activity effects of whole-body phos-
phoric acids aerosol exposure(s) in black-tailed prairie dogs (Cynomys ludovicianus)
and rock doves (Columba livia). The aerosol was generated using a red phosphorus/
butyl rubber (RP/BR) mixture under development as a military obscurant. Each study
involved (1) 3 RP/BR target concentration groups [0.0 (controls), 1.0, and 4.0 mg/L], (2)
24 prairie dogs or rock doves (8/group), with gender included as a factor, (3} a succes-
sive 3-phase paradigm (2 d preexposure; 4 and 2 d of about 80 min/d exposures to
RP/BR for prairie dogs and rock doves, respectively; and 6 d postexposure), and (4)
infrared detection of the rodents’/birds’ home-cage movements. In-chamber atmo-
spheres were uniform and acceptable for all exposures; median aerosol mass concen-
trations ranged from 0.76 to 0.89 mg/L and 3.46 to 3.74 mg/L for the 1.0 and 4.0 mg/L
groups, respectively, with median phosphoric acid (H;PO,) readings of between 67.2
and 74.3%; median particles were <0.85 um. Mortality was negligible; no prairie dogs
died, but T male rock dove died on d 3 postexposure to two 4.0 mg/L target concentra-
tions of RP/BR aerosol. Group x session interactions were significant for the acute
activity counts of both species. The acute mean ambulatory (e.g., walking) counts of
prairie dogs and the acute mean ambulatory and horizontal (e.g., preening) counts of
rock doves exposed to 4.0 mg/L RP/BR aerosol were relatively less than those of the
other groups after the first 2 or 1 exposures, respectively. Nevertheless, acute session
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means for all groups approximated or exceeded the 23 h/d activity measured during
the pre- and postexposure phases—data indicating that chamber confinement caused
a temporary, sharp increase in activity for both species irrespective of RP/BR aerosol
concentrations. No RP/BR concentration-related, subacute shifts in the activity of the
rodents/birds were observed.

INTRODUCTION

Numerous behavioral-physiological variables have been studied as
indices of sublethal toxicosis in animals (Brown, 1988; Weiss and Laties,
1975). Activity measurements have long been used to assess changes in
the irritability, exertion, and stamina of animals exposed to toxicants and
atmospheric pollutants (Boche and Quilligan, 1960; Mautz et al., 1985;
Stinson and Loosli, 1979). Two basic types of activity are generally recog-
nized in these animal studies: locomotor and spontaneous. Locomotor
activity refers to diverse measures of exertive exercise (e.g., running
wheel, treadmill, maze running); spontaneous activity refers to measures
of home-cage, nonexertive movements of animals (e.g., walking, groom-
ing, scratching).

Atmospheric levels of acid aerosols and related compounds pose po-
tential health hazards to humans (Environmental Protection Agency,
1989). To date, most toxicological studies of these effects have dealt with
sulfuric acid (H,SO,), nitric acid (HNO,), ammonium sulfate (NH,),SO,),
ammonium bisulfate (NH,HSO,), and sulfur dioxide (SO,). Currently, a
red phosphorus/butyl rubber (RP/BR) compound is under development
as a military obscurant by the U.S. Army (Burton et al., 1982; Yon et al.,
1983); detonation of RP/BR-filled grenades produces a white smoke con-
sisting mainly of phosphoric (H,PO, and polyphosphoric acids (e.g.,
H,P,O,, H,P,O,,) (Brazell et al., 1984). Inhalation-chamber studies of ani-
mal exposure to this smoke offer comparative toxicological and human-
health models of acid aerosol effects.

Diverse H,SO, exposure concentrations (0.08-300 mg/L) and dura-
tions (0.3 h to continuous 52 wk) have been investigated in numerous
species, including dog, donkey, guinea pig, monkey, mouse, rabbit, and
rat (Environmental Protection Agency, 1989). Approximately 40 years ago,
Treon et al. (1950) found that the “decreased order of sensitivity” to
H,SO, among test animals could be ordered as guinea pig, mouse, rat,
and rabbit. High concentrations (=8.0 mg/L) and long exposures (=18 h)
have consistently been associated with acute toxic effects in certain of
these species (Environmental Protection Agency, 1989). Key clinical ef-
fects (injuries) linked with H,SO, or H,SO, plus contaminants include
laryngeal or bronchial spasm, deep pulmonary damage, hemorrhage,
and pulmonary edema (Cavender et al., 1977; Wolff et al., 1979). Impaired
pulmonary function has been cited as a common end point (Amdur et
al., 1978; Loscutoff et al., 1985), but a number of researchers also report
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no pulmonary effects from H,SO, exposures (Alarie et al., 1973;
Lewkowski et al., 1979). Obviously, procedural and comparative factors
account for some of the inconsistencies among studies.

Prior reports of RP/BR aerosol effects on activity are limited to obser-
vations by Preache for locomotor behavior in albino rats (Aranyi, 1984).
Preache used a “figure-8 maze” with infrared detectors set to assess the
movements of rats at eight points throughout the maze (Norton et al.,
1975). Groups of rats were given 4-16, 2.25-h inhalation-chamber expo-
sures to RP/BR aerosol concentrations between 0.75 and 1.2 mg/L. Sepa-
rate 20-min activity sessions were conducted immediately after the final
exposure and 14 d later. Locomotor activity in these groups of rats was
elevated during both postexposure sessions relative to control rats. The
most pronounced increases in maze movements were reported for rats
given 4 wk of 4 consecutive 2.25-h/d exposures to 0.75, 1.0, and 1.2 mg/L
aerosols.

This article describes separate inhalation chamber studies of RP/BR
aerosol-induced behavioral effects in black-tailed prairie dogs and rock
doves. Acute (<2 h out-of-chamber) and subacute (<6 d postexposure)
measurements of spontaneous activity variables were obtained to delin-
eate the potential effects associated with whole-body exposure(s) to this
phosphoric acids aerosol. The null hypotheses stated: Irritation of muco-
sal tissue and skin (plus possible lesions/edema produced in bronchial or
lung tissue) caused by H;PO, during and following exposures to 1.0 and
4.0 mg/L target concentrations of RP/BR aerosol would produce neither
acute nor subacute differences in the home-cage walking or
grooming/preening movements of prairie dogs/doves relative to nonex-
posed (0.0 mg/L; filtered-air control) rodents/birds.

METHODS

Detailed procedures describing animal care, inhalation systems, and
aerosol measurements are given in Shumake et al. (1989, 1992) and
Sterner et al. (1988, 1989, 1991); a brief description of these follows.

Rodents/Birds

Conduct of the studies adhered to provisions of the “Guide for the
Care and Use of Laboratory Animals” (Department of Health, Education
and Welfare, 1978) and the Code of Federal Regulations 9 (parts 1-3) con-
cerning animal welfare (Department of Agriculture, 1985).

Prairie Dogs Twenty-four black-tailed prairie dogs (12 male, 12 fe-
male) were used (see Jones et al., 1983). The prairie dogs were captured
at Buckley Air National Guard Base, Aurora, Colo., using a burrow-
flooding technique (Elias et al., 1974). Seven (3 male, 4 female) and 17 (9
male, 8 female) prairie dogs, respectively, were selected randomly from
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captures in February (n = 110) and December 1987 (n = 96)—animals
captured about 19 and 9 mo prior to the study. Official state collection
permits (87-0047 and 88-0047) were acquired prior to the captures. Prairie
dogs were confined, but not used in any other research, prior to this
study.

Upon arrival at the Research Center, prairie dogs were sexed and
placed in separate male and female communal areas (5.7 x 3.45 x 3.6
m). These areas were located within an isolated brick building; wood
shavings (approximately 4 cm deep) were dispersed over the floor. The
animals were fed Purina Rabbit Checkers (Purina Mills, Inc., St. Louis,
Mo.) ad libitum, with fresh cabbage provided 3 times/wk; water was avail-
able ad libitum from several 3-gal poultry founts. The holding facility was
both temperature (T = 18 * 5°C) and 12:12-h light : dark controlled
(0600-1800 : 1800-0600 h). All animals were quarantined for 14 d. Follow-
ing quarantine, the prairie dogs were held under these conditions until
the time of the study. Each prairie dog was implanted with a subcutane-
ous transponder (ldentification Devices, Inc., Boulder, Colo.) for identifi-
cation (Fagerstone and Johns, 1987).

Rock Doves Twenty-four wild-caught rock doves (11 male, 13 female)
were selected randomly from 222 birds (Goodwin, 1983). All doves (pi-
geons) were purchased from a local supplier; the supplier stated that the
doves were captured in the Denver area using cannon nets (Grubb,
1988). The doves were received in 2 shipments dated January 1987 (n =
122) and April 1988 (n = 100); 17 (4 male, 13 female) and 7 (7 male)
selected doves had been captive about 18 and 2 mo, respectively. Rock
doves were confined, but not used in any other studies, prior to this
research.

Upon delivery, the birds were examined and held (<30 doves/cage)
in wire-mesh outdoor aviaries (3.0 x 1.5 x 1.8 m). Ad libitum Purina
Pigeon Checkers (Purina Mills, Inc., St. Louis, Mo.), cracked corn, grit,
and water were provided. After several weeks in these aviaries, the doves
were sexed and moved to an 11.5-m-diameter steel Butler building that
was T (20 = 2°C) and 12 : 12-h light : dark controlled (0600-1800 : 1800-
0600 h) for a 14-d quarantine. The doves were held in 1 of 3 large wire-
mesh aviaries (1.6 X 3.3 X 2.6 m; 2.0 X 6.6 X 2.6 m; 3.9 X 3.9 x 2.6 m).
After quarantine, the rock doves continued to be held under these con-
ditions until the study began.

Aerosol Exposure Systems

Two inhalation chamber systems were used to expose the prairie
dogs and rock doves to either RP/BR aerosol or filtered air: RP/BR aerosol

system and filtered-air system.
Figure 1 illustrates the RP/BR aerosol system. Filtered/humidified

room air was directed to a custom glass pipe junction (burn chamber),
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FIGURE 1. lllustration of the RP/BR aerosol system with a schematic of the RP/BR extruder shown
in the insert. (Note: The scale is approximately 1: 20. Components of the system are scaled relative
to the perspective; the locations of certain components are drawn to improve the pictorial display.)

where RP/BR was extruded from a pipe cylinder under hydraulic pres-
sure (300-1000 psi). The extruded bead (2 mm diameter) was ignited to
generate RP/BR aerosol. As produced, aerosol was drawn through a U-
shaped cooling tower (5 m) to the apex of the inhalation chamber. The
inhalation chamber was a stainless steel unit (91.5 x 91.5 X 91.5 cm) with
autoclave door (Bertke and Young, Cincinnati, Ohio). The chamber had 3
shelves each supporting 4 stainless steel wire mesh cages (30.5 x 30.5 x



292 R. T. STERNER

30.5 cm). A PVC drain valve was plumbed to the bottom of the chamber
for flushing of residues.

From the apex of the chamber, the aerosol-laden air dispersed down-
ward over the cages (laminar flow assumed). The rodent/bird exposure
cage volumes were estimated at <0.10 of the available cage volume, and
each rodent/bird was able to stand erect within the exposure cage. Aero-
sol exited the base of the chamber via polyvinyl chloride (PVC) pipe. A
port for insertion of a wet-/dry-bulb thermometer to measure relative
humidity (RH) was located in the first 30 cm of the exhaust line. From this
RH port, aerosol moved to seven-bank, DX-grade coalescent filter unit
(Balston Filter Products, Lexington, Mass.), which removed aerosol and
associated contaminants from the chamber exhaust (Holmberg et al.,
1985). Finally, the “scrubbed air” flowed to the vacuum source (Dayton
Electrical Mfg., Co., Chicago, lll.) via flexible polyethylene (PE) tubing,
and exited the building through a ceiling vent. A 132-L PVC shroud, with
exhaust hose connected to the ceiling vent, covered the vacuum source
to prevent any residual aerosol products from entering the room.

For the production of RP/BR aerosol, a 95% RP/5% BR product was
prepared by staff of the Bio-organic Analysis Section, Analytical Chemis-
try Division, Oak Ridge National Laboratory, Oak Ridge, Tenn. After mix-
ing of the dry RP and BR substances, the product was placed in a vacuum
desiccator and hexane (C,H,,) was introduced until 7-8% (w/w) was ab-
sorbed. This “softened product” was then loaded into 11.45-cm sections
(1.91 cm ID) of stainless steel pipe (billets). Each billet contained approxi-
mately 40 g of pliable RP/BR material and was sealed with Teflon-lined
steel caps to prevent drying. Only billets <=3 mo old were used.

The filtered-air system was comprised of equipment and materials
similar to the RP/BR-aerosol system; however, no cooling jacket or DX-
grade filter unit was used with the filtered-air system because there was
neither heat buildup nor aerosol present during the control exposures.
The filtered-air system was used to expose separate groups of rodents/
birds to filtered air for roughly equivalent time periods (0.0 mg/L con-
trols); it was located in a separate room.

In-Chamber Atmospheric Measurements

Table 1 lists the atmospheric variables used to characterize in-
chamber conditions of the RP/BR aerosol and filtered-air systems during
exposure sessions with prairie dogs and rock doves; detailed descrip-
tions of the sampling and analytical procedures are given in Sterner et al.
(1988, 1989).

Table 2 presents summary statistics for the chamber atmospheric vari-
ables during the exposures of each species. Evaluations of the RP/BR
aerosol measurements show that all groups of prairie dogs and rock
doves were administered target concentrations of 1.0 and 4.0 mg/L of



(9961
‘a2Jawwo)) jo juawpedaq) speyd piepuels Suisn pauluiialap sem Hy ‘ainsodxa

4Oead JO PUd 3Y) JE3U HY JOGIEYDI-UI 3INSEIW 0} PASN SEM 131aWOWIaY) qing-Aip
F19Mm v ua3owowniay) ensip e Suisn uiw g7 AlaAS paplodal sem | laquieyd-u|

‘(@pNUlE W 9p9) 10§ pajdaliod) elep wdd se pajiodas atam YHHIY
pue ‘tHd ‘0D ‘19Aamoy CQD) pue L 10y 3SOY) 0} JB[IWIS IPELU IIOM SJUIWINSEIW
(8H ww g79/8H ww 09) X anjea agqn} [enjde = anjeA agn) I19zAjeue pPajdaLI0)

uonieAs|a (1) 00vVS) W 99l 1e
ainssaid a1aydsowse 1oy paydallod alam D wdd pue o jusdiad endy

‘(J1eD Sfdemap ‘Ul I31sen) WIIsAs UoNIRRp sed darsen) ayy Suisn auinsodxs
3y} JO UlW 09 PUE 07 U3dMIag Palnseaw alam S|9A3| QD pue ¢ Jaqueyd-u|

(9861 ‘uenyD) ainpadoud |eoydesd

e Buisn paulelqo sem ajdwes Yyoea 10} QYIWW YL "(H[eD ‘dIpew elIdIS U]

SIUDWIAINSEIW ElUi0y1[eD) J030edwl apedsed (WD) 9dueeqoldiw-[e}sAid-zuenb
211109]902za1d e ojul paydalul 319m |0S0Iae Yg/dY Jo sajdwes (j7-00€) S-0L oML

"19p102al Meyd e uo Ajdedo jo (Aw) piodas Sojeue
ue papiaoid siy) Jaquieyd ay) ojul pauasul sem (5gel e 19 Sloquijoy ‘g/6l
“|e 12 sui88iH) Joisisuesjoloyd e apisaq pajunow apoip Sumiwa-yd paseyur uy

‘(PUBIPAS|D “2U| ‘BdLIBWY I3)dWoOolpeY) WISAS UonenW 008-S1d

1918wolpey e pue sisAjeue jutod-uondapjul Suisn (HOEN) apIxoipAY wnipos

N L0°0 10 N 1°0 YlMm pajedin} sem uoln|os ayj Jo ajdwes Jw-gz v "Suliins jo

uiw-gL Sulnp layem paziuolap pajloq Jw 09 Suisn paloeiixa sem anpisal YOJEH
'SpIJE JO SISA|OIPAY 10} MO|[e O} Y g9|-gt 10} SaYsSIp 111ad ul paiols aiam S19)|14

‘adueleq JednAjeue [eydip e Suisn
Ajledswiaes8 painseaw sem ssew ‘dwnd mojpy-1ie ue 0} Jaquieyd ay} woly aulf
mojj-aidwes uiwy] | e ul pauonisod sem Jay|ly sse|8-21e21]1S010q 1313WeEIP-WW-Gp

191owowsay) qing-AJp/1apA
1a10woway) [eudig

(1zoL) aqny daisen
(12) 8qn} >3589
(171) 29n) 2315E)

(112) 3gn3 283589
(LE +) 9qny 29358

1012edW! 3peISEI WOD

10109)3p patesu] INIO

sisAjeue uonen

SISAjeUE J111aWIARID)

(HY) Anpiuny aaneay
(1) ainjesadwa|
Anprwnyainiesadwsg

("'H%D) auexap

(*Hd) auiydsoyq

(QD) 9ap1xouow uoqie)
sased jueutwejuo)

(0D) apixolp uoqie)
(o) ualAxp
sased Alojendsay

sazs a|d1Med |0solay

Aldedo |osolay

("Od*H) p1ae suoydsoyd

SSeW |0SOJay

uonduasaqg

anbiuyoda

a|qetieA

sainsodxg

11y-paidll§ 10 |0504aY ¥g/d¥ @Y} Suung suonipuor Jaqueyd-u| azuajdeiey) 0} pasn sanbiuysa) |eanAjeuy aanoadsay pue sajqeleA °| 318VL

293



‘painseaw 10U ‘WN (paldalap J0u ‘(N ‘9|ge|ieAR JOU ‘YN ‘9JON

(€9-79) (99-79) (z9-79) (z8-8p) (£9-T9) (€9-09)
65 6S S°/S 6S S'6S S (%) Aupruny aaize|oy
(97-5€0) rz-s'1L0) 9Z-10) vz-17) rT-07) (§Z-17)
vT ST €T N N VN (Do) 2anmesadway
(08-08) (08-08) (z6-08) (98-08) (98-08) {90L-08)
08 08 55y 518 508 9 (ur) ainsodxa jo yiduar
mco_:UCOU ‘_wQEmLU\w‘_JmOQxM
anN anN aN aN anN anN (wdd) *'y%>
aN an an an an anN (wdd) fHd
(SZ-S1) @|L-L1) (LZ-SL) (zz-oL)
0z a3 anN 8L €L aN (wdd) 0D
(£¥8-509) (97£-509) (S09-¥8Y) (896-972) (896-18%)
(87 S09 S09 ¥8 969 ¥8 (wdd) 20D
(TT-00) (zz-81) TT-10) (Tz-10) (€2-10)
w @ 44 4 a4 a4 (%) ‘O
sased Alojendsay
80-+'0) t"0-7°0) (80-+0) "0-+'0)
90 v'0 WN v'0 +'0 WN (W) QyWw
9Z1S 9|d1led
(L€4-2'69) (£'€L-9'LS) (08-59) (¥8-09)
€2 29 WN €/ €/ WN ssew (0s01ae J0 YOJtH uadiad
r6'7-£9°0) (979'0-995°0) (8277-+0'L) (29°0-££70)
A 985°0 anN ST S50 aN (1/3w) uonenUdUOD YOdfH
(L'SET-20LT) {(¥0'0S-9T°SY) (6'8£7-5°€8) (28'6-90°01)
9/1T 169 aN TLe 90°St an (8w) uonenn OdtH
(r0'v-75°€) FLL-2L0) (TL'0-L0°0) (€0'v-05°L) (98°0-t°0) (61°0-00°0)
v £88°0 950°0 9W'c 90 70 {1/8w) UoNEUAIUOD SSEW [0SOIBY
(6'TCE-2180) r'L6-t'19) (TL-50) (£'8E€-6"8YT) (5'89-1°25) (T61-007—)
S'66¢ Lz SeE 7062 €79 6L (Bw) ssew |osolay
JOSOlay
(wr ogL) (wr og) 1/8w 00 (w7 0gl) (wr og) /8w 0 9|qeliep
18w op 18w gL 18w op 18w oL

(Bunias uoIsNIIXa)
SuoleIuUadu0Dd Ja81e) saA0p Y20y

(Bu1119s UOISNIIXD)
suoneuaduod 1a8iey sSop suely

S9A0(] YD0Y pue s30Q auleld Yum

sainsodx3 JaquieyD) J1y-palal|ly pue |0S0Jay Yd/d¥ a4yl SulinQ sajqelie duaydsowly pajda|as 10y SOISIEIS (WNWIXeW-WNWIULN) UBIPIW *Z I18VL

294



PHOSPHORIC ACIDS AEROSOL AND ACTIVITY EFFECTS 295

acceptable uniformity. Median aerosol mass concentrations for the ac-
tual exposures ranged between 0.76 and 0.89 mg/L and between 3.46 and
3.74 mg/L for the 4.0 mg/L target concentrations. Mass median aerody-
namic diameter (MMAD) of aerosol particles was =0.85 um—particle
sizes typical of smokes. Median exposure durations ranged from 80.5 to
86 min for prairie dogs and from 80 to 85.5 min for rock doves. The RP/BR
aerosol and filtered-air systems functioned well. There is every reason to
conclude that the spontaneous activity effects observed are representa-
tive of prairie dogs and rock doves exposed to well-controlled, low-
contaminant (no PH, or CH,, with <24 ppm CO), oxygen-sufficient
(=16% O, and =<1% CO,), respirable aerosol (MMAD =< 0.85 ym) and
T-/RH-acceptable atmospheres (20-26°C; 48-82% RH).

Activity System

Eight Opto-varimex Activity Units (Columbus Instruments [nterna-
tional Corp., Columbus, Ohio) composed the core of the activity system.
Each unit consisted of a rectangular base (51.1 x 9.5 x 69.2 cm) with a
large open area (43.2 x 44.4 cm) for insertion of a Plexiglas housing box
(42.2 x 43.2 x 31.7 cm). It is estimated that rodent/bird housing box
proportions were <0.05 of the available box volume, with all prairie dogs
and rock doves able to stand erect within the boxes. Along 2 adjacent
edges of the base were 15 small infrared sources (2.81 cm center-to-
center distance); 15 infrared detectors were aligned along the opposite
sides. The intersecting beams of 940-nm light formed a grid across the
open area (housing box); interruptions of these “standing beams” by the
animal/bird were tallied as spontaneous activity.

Two types of infrared-beam interruptions were recorded—horizontal
and ambulatory. Horizontal breaks of the light beams generated 3-ms
logic pulses each time that a beam in the 15 x 15 light matrix was inter-
rupted; this count reflected all movements of a rodent/bird (e.g., licking,
scratching, walking). Ambulatory breaks of the beams provided 3-ms
logic pulses only after a “new” beam in the x-y axis was broken; thus,
this count reflected only lateral movements of a rodent/bird (e.g., walk-
ing, jumping)—no output resulted from repeated interruptions of the
same beam.

All hardware/software functions of the activity system were governed
by a Horizon Il Computer (Northstar Computers, Inc., Berkeley, Calif.),
with activity counts automatically stored on floppy diskettes via a data
scanner (Aeon Electronics, Denver, Colo.). A Hazeltine 1500 CRT terminal
with keyboard (Hazeltine Corp., Greenlawn, N.Y.) provided the commu-
nications link with the system. Hard-copy printouts of daily activity files
were obtained via a Tl 820-RO printer (Texas Instruments, Inc., Houston,
Tex.); automatic transmission of activity files to data analysis software was
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accomplished via an AD-342 modem (Anderson-Jacobson, Inc., San Jose,
Calif.).

Procedures

Separate studies were conducted with each species. These involved 3
groups each of 8 prairie dogs and 8 rock doves that received 4 and 2
successive approximately 80-min/d exposures (i.e., 20-min chamber fill,
40-min near target concentration, and 20-min chamber vent), respec-
tively, to target concentrations of either 0.0 (filtered air), 1.0, or 4.0 mg/L
RP/BR aerosol. Each study involved a 3-phase, sequential paradigm—a 2-d
preexposure phase, a 4d (prairie dogs) or 2-d (rock doves) exposure
phase, and a 6-d postexposure phase. Gender was included as a factor in
each study.

All inhalation-chamber exposures were conducted using the RP/BR
aerosol and filtered-air systems. The activity measurements were con-
ducted in a special temperature-controlled test room (2.7 X 3.7 X 2.8 m).
Light was provided by 4 overhead fluorescent fixtures; a 12 : 12-h light-
dark schedule (0600-1800, 1800-0600 h, respectively) was maintained
throughout each study. The Opto-varimex units were the housing boxes
for the rodents/birds throughout each study.

Prairie Dogs Following 5-10 d of acclimation, the 8 prairie dogs
within each of 3 replications were rank ordered by body weight within
gender class (4 males and 4 females per replication). The weight ranges
of the males and females were 1109-1371 g and 958-1363 g, respectively,
at the time of assignment. Animals were assigned quasi-randomly in sets
of three or two (heaviest to lightest) to one of the three RP/BR aerosol
groups. The term “quasi-randomly” refers to the constraints imposed on
actual assignments within replications. Only eight activity units were
used; hence, to balance the prairie dogs and sexes among the RP/BR
aerosol groups, unequal numbers of rodents had to be assigned within
groups for each replication. Specifically, replication 1 involved 2 (1 male,
1 female), 3 (1 male, 2 female), and 3 (2 male, 1 female) prairie dogs
assigned to the 0.0, 1.0, and 4.0 mg/L RP/BR aerosol groups, respectively.
Replication 2 involved 3 (2 male, 1 female), 2 (1 male, 1 female), and 3 (1
male, 2 female) rodents assigned to the 0.0, 1.0, and 4.0 mg/L groups,
respectively. Replication 3 involved 3 (1 male, 2 female), 3 (2 male, 1 fe-
male), and 2 (1 male, 1 female) rodents assigned to the 0.0, 1.0, and 4.0
mg/L RP/BR aerosol groups, respectively. Modal (minimum-maximum) T
and RH of the test room during the prairie dog study were 20°C (19-24)
and 33% RH (21-88), respectively.

Throughout the three phases of the study, ad libitum Purina Rabbit
Checkers (Purina Mills, Inc., St. Louis, Mo.) was provided in a
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semicircular-shaped cup (6.5 cm diameter x 5 cm depth) located inside
each housing cage above the infrared sensors. Ad libitum water was
provided in two plastic bottles (200 and 100 mL graduated in mL) with
rodent-lick spouts. Daily measurements of horizontal/ambulatory activity
(infrared-beam interruptions), food intake (mg), water intake (mL), and
body weight (g) were obtained; measurements reflected 23-h periods
(0900-0800) and were obtained during a daily 1-h maintenance period
(0800-0900 h).

On the day of exposure, handling procedures of the rodents differed
slightly. Following the described maintenance procedures (0800-0859 h),
exposures occurred at approximately 0900, 1130, and 1430 h for the 1.0,
4.0, and 0.0 mg/L groups, respectively. Consistent exposure schedules
were used to (1) provide for increasing concentrations throughout the
sequence (i.e., ease of flushing the chamber after a low concentration
burn) and (2) determine the longest of the exposure durations for use
with the daily filtered-air control group. Rodents were removed from
their housing boxes, weighed, and transported to the inhalation test ar-
eas. Identifications were verified and each prairie dog was placed into a
randomly designated exposure cage in the RP/BR aerosol or filtered-air
chamber. After the animals were loaded into the chamber, the door was
closed, and the approximately 80-min exposure was conducted (see Table
2). Upon completion of the exposure session, rodents were removed,
reidentified, reweighed, and returned to their activity cages. After 2 h
had elapsed, the horizontal/ambulatory activity counts were noted for
each animal (acute measurements). Typically, prairie dogs in the 1.0, 4.0,
and 0.0 mg/L RP/BR aerosol groups were out of their activity boxes at
0830-1100, 1130-1400, and 1430-1700 h, respectively, on the exposure
days.

Rock Doves Procedures were basically the same as those described
for prairie dogs. Main exceptions were (1) modal (minimum-maximum) T
and RH for the activity room were 21°C (16-23.5) and 50% RH (34-90),
respectively; (2) doves were fed Purina Pigeon Checkers (Purina Mills,
Inc., St. Louis, Mo.) ad libitum; and (3) water was available ad libitum, but
was provided in only one 100-mL graduated (mL) drinking tube, with an
open reservoir protruding into each cage.

The 24 rock doves were acclimatized to housing conditions and were
assigned to groups as were prairie dogs. Weight ranges of birds at the
time of assignments were 257-387 g for males and 293-354 g for females.
Specific assignments to 0.0, 1.0, and 4.0 mg/L groups were: replication 1,
2 (1 male, 1 female), 3 (1 male, 2 female), and 3 (2 male, 1 female) doves;
replication 2, 3 (2 male, 1 female), 2 (1 male, 1 female), and 3 (0 male, 3
female); and replication 3, 3 (1 male, 2 female), 3 (2 male, 1 female), and 2
(1 male, 1 female).
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Data Analyses

Acute (2 h out-of-chamber) ambulatory and horizontal activity counts
for prairie dogs were analyzed as 3 (group) x 2 (gender) x 4 (session)
factorials, with session treated as a repeated measures factor (Winer,
1971). Data for the acute counts in rock doves were analyzed as 3
(group) x 2 (gender) x 2 (session) factorials, with session treated as a
repeated measures factor (Winer, 1971).

Subacute activity data (23-h horizontal and ambulatory counts) in
both species were analyzed as 3 (group) x 2 (gender) x 8 (day) x 2
(lights on/off) factorials, where day and lights on/off factors were consid-
ered repeated measures factors (Winer, 1971). No exposure phase mea-
surements were included in these analyses of variance (ANOVAs).

The sex of prairie dogs was balanced among groups (4 male, 4 fema-
le/group), but the gender of rock doves was unbalanced among groups
(i.e., 4 male, 4 female for the 0.0 and 1.0 mg/L groups and 3 male, 5
female for the 4.0 mg/L group) because of the missexing of 1 bird using a
cloacal examination technique (Miller and Wagner, 1955). This error was
discovered during poststudy necropsy. Designs with balanced and no
missing data were analyzed using PROC ANOVA (SAS Institute, Inc.,
1985); designs involving unbalanced or missing data were analyzed using
the general linear model and PROC GLM (SAS Institute, Inc., 1985). The
means for significant terms obtained in respective ANOVAs were further
analyzed using post hoc Duncan multiple range tests with o = 0.05
(Duncan, 1955).

RESULTS

Table 3 lists the significant ANOVA interaction and main effects for
the acute and subacute analyses computed for the horizontal and ambu-
latory activity counts of prairie dogs and rock doves.

Black-Tailed Prairie Dogs

No mortality occurred for this species during the conduct of the
study. Shumake et al. (1992) gave detailed descriptions of pharmacotoxic
signs and mortality ratios associated with several RP/BR aerosol exposure
regimens for prairie dogs.

Acute Activity Effects No effects were found for acute horizontal ac-
tivity as a result of RP/BR aerosol exposures in prairie dogs.

A significant group x session interaction (F = 2.26, df = 6/54, p <
.05) occurred for the ambulatory activity counts in prairie dogs. Figure 2
is a bar graph of this interaction. Post hoc Duncan range tests revealed
(1) mean counts for session 1 and session 2 of the 4.0 mg/L RP/BR aerosol
group were significantly less than all other means, (2) means for session 3
of the 0.0 mg/L group were significantly greater than all other means, and
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FIGURE 2. Bar graph of the mean (+SD) ambulatory activity counts for prairie dogs in the 0.0
(filtered-air control), 1.0, and 4.0 mg/L groups (n = 8/group) during the 2 h immediately after
chamber confinement on each of the 4 exposure days—acute group X session interaction.

(3) means for session 2 of the 4.0 mg/L and session 4 of the 0.0 mg/L
groups were less than and greater than all other means, respectively.
Thus, this interaction is attributed to the disparity between the relatively
lower counts for the 4.0 mg/L-exposed animals following the first 2 expo-
sures and the elevated (nearly asymptotic) counts of the controls (0.0
mg/L) following the last 2 exposures. Interpretation of this mean activity
pattern requires caution. Ambulation of all rodents actually increased
compared to pre- and postexposure (see Subacute Activity Effects). The 2-
h out-of-chamber ambulatory means of the groups (counts between 0800
and 1800 h) approximated or exceeded the average 23-h/d counts ob-
served for the pre-/postexposure days.

Subacute Activity Effects Results of the ANOVAs for mean daily (23 h)
activity on pre- and postexposure days in prairie dogs yielded only lights
on/off main effects for the horizontal (F = 36.16, df = 1/116, p < .001)
and ambulatory activity variables (F = 30.12, df = 1/116 p < .001). Mean
(xSD) horizontal counts were 774.2 (£94.9) versus 395.7 (+39.1) and
mean ambulatory counts were 387.2 (£28.1) versus 190.6 (£ 11.1) for the
“on” versus “off” portions of the light cycle, respectively. For a diurnal
species such as the black-tailed prairie dog (Jones et al., 1983), this pat-
tern of means validates the Opto-varimex measurements and confirms
that no subacute effects of RP/BR aerosol exposure upon spontaneous
activity occurred.

Rock Doves

One male rock dove was found dead in its activity cage on the morn-
ing of d 4 postexposure of replication 3; this dove was in the 4.0 mg/L
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group. Minimal overt signs preceded the death; the dove showed
“listing-forward posture” and “unkempt feathers” within 24 h prior to
death. Shumake et al. (1992) provided detailed descriptions of pharmaco-
toxic sign and mortality effects in rock doves exposed to selected RP/BR
aerosol exposure regimens.

Acute Activity Effects Mean horizontal and ambulatory activity
counts for the 2-h out-of-chamber sessions yielded significant group x
session interactions (horizontal activity, F = 3.98, df = 2/18, p < .01, and
ambulatory activity, F = 4.51, df = 2/17, p < .026) and session main
effects (horizontal activity, F = 6.63, df = 1/18, p < .01, and ambulatory
activity, F = 7.02, df = 1/18, p < .017). Post hoc Duncan tests for mean
horizontal counts (preening) indicated that doves in the 4.0 mg/L aerosol
group made significantly fewer movements immediately following the
first exposure than doves in any of the other group X session cells of the
design. These Duncan tests for mean ambulatory counts (walking) re-
vealed that (1) doves exposed to 4.0 mg/L aerosol made fewer mean out-
of-chamber walking movements than all other doves and (2) doves in the
0.0 mg/L group made greater mean walking movements immediately af-
ter exposure than doves in the RP/BR groups, with the mean activity for
session 2 significantly higher relative to session 1.

This pattern of mean differences is somewhat similar to that de-
scribed for prairie dog ambulatory activity. The initial exposure of doves
to the 4.0 mg/L target concentration of aerosol caused relatively less ac-
tivity than that of the 0.0 and 1.0 mg/L groups immediately after expo-
sure, but a “chamber confinement effect” was observed for all groups of
birds. The 2-h out-of-chamber counts for the 0.0 and 1.0 mg/L groups
were elevated approximately six- to eightfold for horizontal activity and
about two- to threefold for ambulatory activity relative to those in the 4.0
mg/L condition. Also, mean session counts greatly exceeded typical 23-
h/d (subacute) activity. Figure 3 a and b are bar graphs of these acute
(exposure day) horizontal and ambulatory activity interactions.

The session main effects also showed that mean horizontal and am-
bulatory activity counts were lower for session 1 than for session 2—data
in agreement with the group X session interactions. Mean (£SD)
horizontal-type counts for the acute sessions were 6221 (£ 3150) and 7666
(£3189) for session 1 and session 2, respectively; mean (+ SD) 2-h out-of-
chamber ambulatory counts were 3439 (£1993) and 4251 (+2101) for
these respective sessions.

Subacute Activity Effects No RP/BR aerosol group (concentration-
related) terms of the ANOVAs were significant for pre-/postexposure
daily activity.

The ANOVAs for subacute activity of doves yielded a complex set of
non-RP/BR-aerosol-induced results. The gender x day X lights on/off
(F = 234, df = 7/124, p < .03) and gender X day interactions (F = 2.07,
df = 7/124, p < .05), plus the lights on/off main effect (F= 150.81, df =
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118, p < .001), were significant sources of variance for horizontal-type
activity; the gender x day x lights on/off interaction (F = 2.12, df =
717, p < .05) and lights on/off main effect (F = 680.71, df = 117, p <
.001) were significant for ambulatory activity.

The gender x day X lights on/off interactions for both horizontal
and ambulatory activity are described jointly. Male and female rock
doves differed in their daily diurnal and nocturnal home-cage activity,
but these effects appeared to be induced by generalized chamber-
confinement stressors during the exposure phase that affected the fe-
males more than the males (i.e., all groups showed this effect, including
the control group). Post hoc Duncan tests indicated that (1) for the first
postexposure day, mean “lights-on” (diurnal) activity counts of female
doves were significantly less than for all other diurnal cell means; (2) the
“lights-on” preexposure activity of female doves was greater than their
diurnal postexposure activity (i.e., a reversal of activity for the female
birds prior to and after the exposures); and (3) all diurnal versus noctur-
nal cell comparisons were significantly different from each other (i.e.,
lights on/off main effect). Figure 4 a and b illustrates the gender x day X
lights on/off interactions for mean 23-h horizontal and ambulatory
counts in the rock doves.

Similar to results for prairie dogs, the lights on/off main effects for
both horizontal and ambulatory activity of the rock doves validated the
Opto-varimex measurements. Rock doves are a diurnal species
(Goodwin, 1983). Mean (£SD) horizontal counts were 2290.9 (% 463.6)
versus 923.5 (£101.2) and mean (£SD) ambulatory counts were 1298.8
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FIGURE 3. Bar graphs of the mean (+ SD) (a) horizontal and (b) ambulatory activity counts for rock
doves in the 0.0 (filtered-air controb), 1.0, and 4.0 mg/L groups (n = 8/group) during the 2 h
immediately after chamber confinement on each of the 2 exposure days—acute group X session
interactions.
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FIGURE 4. Line graphs of the mean (selected + SD) daily (11 h light on and 12 h light off) horizon-
tal (top) and ambulatory activity counts (bottom) for male and female rock doves across the 8 d
(pre-/postexposure) of the study—the subacute gender x day x lights on/off interaction.

(£672.6) versus 467.2 (£263.4) for light on versus off periods across the
pre- and postexposure phases, respectively.

DISCUSSION

Some null hypotheses were rejected. Results show that 2 and 1 daily
exposures to 4.0 mg/L target concentrations of RP/BR aerosol cause 2-h
out-of-chamber (acute), relative decreases in the ambulatory activity of
black-tailed prairie dogs and in the horizontal and ambulatory activity of
rock doves; however, the activity of all groups of rodents/birds was ele-
vated immediately after exposure. No subacute, RP/BR-aerosol-induced
effects upon the home-cage activity of either species were observed.
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Prairie dogs and rock doves in the 4.0 mg/L group decreased their
ambulatory activity and ambulatory/horizontal activity between 30 and
50%, respectively, relative to the 0.0 and 1.0 mg/L groups immediately
after the initial exposure sessions, whereas the 0.0 mg/L rodents/birds
increased acute activity relative to the RP/BR aerosol groups after the
later exposures. Because acute and subacute activity data were analyzed
separately, the impacts of RP/BR aerosol exposure and chamber confine-
ment were somewhat obscured. An acute chamber-confinement effect
seemed to occur for all groups during the exposure phase—the mean 2-h
out-of-chamber activity counts equaled or exceeded the pre-/
postexposure day averages (i.e., 23-h/d means). In short, the rate of activ-
ity was increased immediately after chamber confinement. This result
agrees with an earlier report by Preache for maze running in albino rats
(Aranyi, 1984) but contrasts with that given by Sterner et al. (1989) in
which the relative differences among the 0.0, 1.0, and 4.0 mg/L groups
were emphasized.

The absence of significant effects for the 2-h out-of-chamber horizon-
tal counts of prairie dogs implies that four 80-min/d exposures to 1.0 and
4.0 mg/L RP/BR aerosol concentrations had no immediate effects upon
grooming/shaking/scratching activity in this species. The alternative hy-
pothesis, that the potential irritation caused by H,PO, on their fur/skin
would lead to increased horizontal movements immediately after expo-
sure, is unsupported. This could be indicative of the protection afforded
by the rodents’ fur, even during high-concentration exposures. Many
prairie dogs had their heads tucked tightly into their bodies at comple-
tion of exposures. Of course, continued postexposure grooming allows
for direct toxicological impacts via ingestion, a problem with all whole-
body exposure studies.

The lack of H;PO related subacute activity effects in either prairie
dogs or rock doves suggests that both species may be tolerant of the
compound. Subacute activity effects in prairie dogs were limited to circa-
dian differences, with the animals most active under the lights-on condi-
tion. Subacute effects in doves involved circadian and gender-related
differences in walking or grooming/preening across pre- and postexpo-
sure days. This absence of aerosol-induced effects is contrary to the ear-
lier report by Preache (Aranyi, 1984), which noted increased locomotor
activity in albino rats both immediately and 14 d after RP/BR aerosol
exposures. The current interactions suggest that exposure to RP/BR aero-
sol (4.0 mg/L) causes no subacute changes in activity for either prairie
dogs or rock doves, but male and female doves react differently to cham-
ber confinement regimen—effects that remain evident for several days.

Similarities in the toxicological and physiological effects observed for
RP/BR aerosol (H,PO, plus contaminants) and those for H,SO, are striking
(Johns et al., 1992; Shumake et al., 1989, 1992; Sterner et al., 1989). Obvi-
ously, morphological changes to the respiratory tract and deep pulmo-
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nary function are affected end points. Shumake et al. (1989, 1992) cited
“lost or affected vocalizations” as a key pharmacotoxic sign in both prai-
rie dogs and rock doves exposed to =3.0 mg/L. The seemingly high
concentrations (=4.0 mg/L) and multiple exposures (four or two, 80
min/d) needed to produce even subtle pharmacotoxic or acute behav-
ioral effects in prairie dogs and rock doves differ somewhat from earlier
studies with albino rats; however, Burton et al. (1982) noted that five daily
60-min exposures of this species to RP/BR aerosol concentrations =5.0
mg/L caused laryngeal/epiglottal injuries. Still, current high dosages
agree with a number of comparative observations described for H,SO,
and larger mammalian species (Environmental Protection Agency, 1989).
To my knowledge, these assessments for rock doves are the only acid
aerosol data available for a bird species.

The present mortality data for prairie dogs and rock doves concur
with findings of Shumake et al. (1989, 1992). Shumake et al. (1989, 1992)
reported greater tolerances of prairie dogs versus doves and greater mor-
tality of male versus female doves (42 and 6%, respectively) to RP/BR
aerosol—a finding supported by the death of one male rock dove in this
study. Concentration effects associated with mortality in these species
contrast markedly with prior reports for albino rats; roughly a fourfold
lower RP/BR aerosol concentration (i.e., 0.75-1.25 mg/L) has been re-
ported to induce mortality in rats (Aranyi, 1984; Aranyi et al., 1988; Burton
et al., 1982).

In conclusion, the results offer no inferences to chronic studies. It is
feasible that acid-induced irritations, lesions, and edema could take
longer than 6 d to develop. Prior research has shown that the spontane-
ous activity of animals is altered by administration of specific drugs, con-
taminants, and hormones (Alfano and Petit, 1981; Segal et al., 1971). Cir-
culating metabolites from uptake of these agents/substances are viewed
to inhibit or stimulate “cortical arousal” via complicated inhibitory and
excitatory projections of the ascending reticular activating system (ARAS)
(Grossman, 1967)—a system of diffuse cortical pathways projecting from
the reticular formation of the brainstem anterior through hypothalamic
and thalamic areas to various cortical sites. The ARAS affects sleep-
wakefulness, attention-inattention, and hypo-hyperactivity patterns of
animals (French, 1960; Lindsley, 1960). The mechanism(s) by which ARAS
excitation or inhibition could produce the current pattern of results is
unclear. Predictions of increases (irritability/agitation) or decreases (le-
thargy/malaise) in animal/bird activity following exposure to different
acid aerosol regimen remain viable hypotheses for acute, subacute, and
chronic studies. Removal of rodents/birds from the reduced stimulation
of the darkened, sealed (250 L/min ventilation) inhalation chambers to
the lighted, open (9 air exchanges/h) test rooms could arouse/stimulate
central nervous system (ARAS) evoked potentials immediately postcon-
finement. Similarly, tissue irritation and pulmonary function changes
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(e.g., decreased respiratory frequency, increased residual volume, de-
creased dynamic compliance) induced by acid aerosol exposure could
dampen/depress central nervous system evoked potentials long after ex-
posure. Studies incorporating evoked cortical potential recordings at
sites in the ARAS and cerebellum (grooming) would seem beneficial to
delineate specific behavioral consequences of acid aerosol exposures.
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